Staphylococcus epidermidis has become a serious nosocomial pathogen frequently causing infections associated with implanted foreign materials. Biofilm formation is considered a major factor determining S. epidermidis pathogenicity in such device-associated infections. Here, evidence is presented that extracellular DNA is important for the initial phase of biofilm development by S. epidermidis on polystyrene or glass surfaces under static or hydrodynamic conditions. Comparative PCR amplification from S. epidermidis chromosomal and extracellular DNA indicated that the extracellular DNA is similar to chromosomal DNA. Experiments involving the S. epidermidis wild-type and an isogenic atlE mutant indicated that most of the extracellular DNA in S. epidermidis cultures and biofilms is generated through activity of the autolysin AtlE. The presented results suggest that extracellular DNA is generated in S. epidermidis populations through AtlE-mediated lysis of a subpopulation of the bacteria, and that the extracellular DNA promotes biofilm formation of the remaining population.
INTRODUCTION
Bacteria in natural environments predominantly live in biofilms, i.e. surface-attached microbial communities embedded in a self-produced extracellular matrix (Costerton et al., 1995) . The extracellular polymeric substance (EPS) matrix, which can constitute up to 90 % of the biofilm biomass (Flemming et al., 2000) , is a complex mixture of exopolysaccharides, proteins, DNA and other macromolecules (Sutherland, 2001) . The EPS matrix plays a structurestabilizing role in biofilms, and it provides protection against some antibiotics and host-defence activities (Mah & O'Toole, 2001; Stewart & Costerton, 2001 ).
In recent years, coagulase-negative Staphylococcus epidermidis has become a serious nosocomial pathogen, frequently causing infections associated with implanted foreign materials (Rupp & Archer, 1994) . Biofilm formation is a major factor determining S. epidermidis pathogenicity in such device-associated infections (Rupp et al., 2001) . S. epidermidis biofilm formation has been described as a two-step process . The first stage involves attachment of cells to a surface (initial attachment phase). The second stage includes cell-cell aggregation and the formation of a multilayered architecture (accumulative phase). Much attention has been focused on the polysaccharide intercellular adhesion (PIA) component of the EPS matrix of S. epidermidis, which is considered a major cell-to-cell interconnecting compound during biofilm formation (Heilmann et al., 1996a; Mack, 1999) . However, it is possible that other matrix components may be important for biofilm development of S. epidermidis, such as extracellular DNA, which has been shown to be important for biofilm formation of Pseudomonas aeruginosa, Streptococcus intermedius and Streptococcus mutans (Whitchurch et al., 2002; Nemoto et al., 2003; Petersen et al., 2004 Petersen et al., , 2005 Allesen-Holm et al., 2006) . In P. aeruginosa biofilms, extracellular DNA functions as a cell-cell interconnecting compound and structural component, and its production has been shown to be regulated via quorum sensing (Allesen-Holm et al., 2006) .
In this study, we show that extracellular DNA is present in cultures and biofilms of S. epidermidis strains under different growth conditions. The extracellular DNA is found as a major component required for initial bacterial attachment to surfaces, as well as for the subsequent early phase of biofilm development by S. epidermidis. Moreover, evidence is presented that release of extracellular DNA from S. epidermidis is mainly caused by the activity of the autolysin AtlE. 
METHODS
Bacterial strains, plasmids and growth media. All the bacterial strains and plasmids used in this study are listed in Table 1 , of which Se886, Se698, Se340 and Se527 are clinical strains isolated from different patients with implanted catheter infection in Zhongshan Hospital (Shanghai, China). Tryptic soy broth (TSB; Oxoid) medium containing 0.25 % glucose was used for biofilm formation in the static chamber system. AB medium (Clark & Maaløe, 1967) supplemented with 0.3 mM glucose and 3 % TSB was used for biofilm cultivation in the flow-chamber system. Biofilms and batch cultures were grown at 37 uC, unless otherwise indicated. DNase I (Sigma) was used at a concentration of 2 mg ml 21 in medium supplemented with MgCl 2 (5 mM). SYTO 9 and propidium iodide (PI) (Live_Dead reagents, Molecular Probes) were used at a concentration of 1 mM for staining live or dead bacteria in biofilms. DDAO [7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one)] (Molecular Probes) was used at a concentration of 1 mM to stain extracellular DNA in biofilms. Antibiotics were used at the following concentrations: erythromycin, 10 mg ml 21 ; chloramphenicol, 10 mg ml 21 ; ampicillin, 100 mg ml
21
.
Bacterial initial attachment assays. Initial cell attachment was tested as described elsewhere (Heilmann et al., 1996b) . Briefly, cell suspensions from mid-exponential phase were diluted to OD 600 50.1 in PBS, and then incubated in wells (1 ml per well) of cover-glass cellculture chambers (Nunc) for 30 min at 37 uC, after which attached cells were identified by microscopy.
Construction of the S. epidermidis 1457 DatlE mutant. The atlE gene in S. epidermidis 1457 was inactivated via homologous recombination using the temperature-sensitive shuttle vector pBT2, as described elsewhere (Bruckner, 1997; Vuong et al., 2000) . An XbaI/ HindIII-digested erythromycin-resistance cassette (erm) from plasmid pEC1 was inserted into the pBT2 plasmid, upon which PCRamplified regions flanking the atlE gene were cloned into the plasmid to construct the plasmid pBT2DatlE. Sequences of the primers are listed in Table 1 . Proper cloning of the erm fragment and atlE flanking regions in plasmid pBT2DatlE was verified by direct sequencing. S. epidermidis 1457 was transformed by electroporation with plasmid pBTDatlE, and a procedure promoting allelic displacement of the atlE gene was performed as described elsewhere (Bruckner, 1997) . 
CTATTTAGTCGGTTCA *Underlined type shows the restriction site.
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Proper allelic displacement of the atlE gene was verified by direct sequencing.
Measurement of extracellular DNA in microtitre plate cultures.
Overnight cultures grown in TSB medium containing 0.25 % glucose were diluted to OD 600 50.001 in AB medium supplemented with 0.5 % glucose, 0.05 mM PI and 10 % TSB. The diluted cultures were transferred to wells of polystyrene microtitre plates (150 ml per well) and incubated for 24 h at 37 uC, upon which PI absorbance was measured at 480 nm and cell density was measured by OD 600 using a Wallac microtitre plate reader.
Extraction of S. epidermidis genomic DNA and extracellular DNA, and PCR. Bacteria were grown to late-exponential phase (OD 600 52.0) in 5 ml TSB medium at 37 uC, and were then harvested by centrifugation. Bacterial pellets were resuspended in 500 ml buffer containing 25 % sucrose, 10 mM Tris/HCl (pH 7.5) and 0.2 mg lysostaphin (Sigma-Aldrich). After incubation at 37 uC for 30 min, bacterial genomic DNA was extracted with phenol/chloroformisoamyl alcohol, precipitated by ethanol and resuspended in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). Culture samples from late-exponential phase were centrifuged and the supernatant was filtered (0.2 mm pore-size), after which 500 ml filtered supernatant was transferred to a new Eppendorf tube. The extracellular DNA was precipitated with ethanol and resuspended in TE buffer. Primers for amplification of trpS (SERP0575, 569 129-570 118), srrA (SERP1055, 1 101 714-1102439), sigB (SERP1677, 1 722 805-1 723 575), isaA (SERP2138, 2 164 774-2 165 481) and yycF (SERP2534, 2 591 085-2 591 786) were designed based on the S. epidermidis strain RP62A gemomic sequence (GenBank accession no. CP000029) from the National Center for Biotechnology Information (NCBI) genome database (http://www.ncbi.nlm.nih.gov). All primer sequences are listed in Table 1 . All PCR reactions were performed using Taq DNA polymerase (TaKaRa). The PCR reaction was performed on a T3 Thermocycler (Biometra): 45 s at 95 uC, 45 s at 52 uC and 1 min at 72 uC for 28 cycles.
Cultivation of S. epidermidis biofilms
In polystyrene microtitre plates. Biofilm cultivation in polystyrene microtitre plates was carried out essentially as described by Christensen et al. (1985) . Briefly, overnight cultures of S. epidermidis strains grown in TSB (0.25 % glucose) medium were diluted 1 : 200. The diluted cultures were transferred to wells of polystyrene microtitre plates (200 ml per well) and incubated at 37 uC for 24 h. At different time points (0, 6 and 12 h), DNase I (2 mg ml 21 , SigmaAldrich) was added to the wells. After incubation, the wells were washed gently three times with 200 ml sterile PBS, air-dried and stained with 2 % crystal violet for 5 min. Then, the plate was rinsed under running tap water, air-dried, the crystal violet was redissolved in ethanol and the absorbance was determined at 590 nm.
In the static chamber system. Biofilms were grown in cover-glass cell-culture chambers (Nunc) as described previously (Jager et al., 2005; Qin et al., 2007) . Briefly, overnight cultures of S. epidermidis strains grown in TSB (0.25 % glucose) medium were diluted to OD 600 50.001, then inoculated into wells of a chamber (1.5 ml per well) and incubated at 37 uC. After that, the chamber was washed gently four times with 1 ml sterile PBS, then stained by SYTO 9, PI or DDAO for 15 min and observed under the microscope.
In the flow-chamber system. Biofilms were grown in a flow chamber with individual channel dimensions of 164640 mm. The flowchamber system was assembled and prepared as described previously (Moller et al., 1998) . The flow chambers were inoculated by injecting 350 ml overnight culture diluted to OD 600 50.001 into each flow channel with a small syringe. After inoculation, flow channels were left without flow for 1 h, after which medium flow (0.2 mm s 21 ) was started using a Watson-Marlow 205S peristaltic pump.
Microscopy and image acquisition. All microscopic observations and image acquisition were performed with a Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss, Jena) equipped with detectors and filter sets for monitoring SYTO 9, PI and DDAO fluorescence. Images were obtained using a 663/1.4 objective or a 640/1.3i objective. Simulated 3D images and sections were generated using the IMARIS software package (Bitplane).
Cell autolysis assays. Autolysis assays for S. epidermidis strains were performed as described by Brunskill & Bayles (1996) . Cell samples (50 ml) were collected from exponential-phase cultures growing in TSB medium (OD 580 50.7) containing 1 M NaCl, and cells were pelleted by centrifugation. The cells were washed twice with 50 ml ice-cold water and resuspended in 50 ml 0.05 M Tris/HCl (pH 7.2) containing 0.05 % (v/v) Triton X-100. The cells were then incubated at 30 uC with shaking, and OD 580 was measured at 30 min intervals.
RESULTS

Effects of DNase I on biofilm formation of S. epidermidis
The effect of DNase I on biofilm formation by S. epidermidis in the wells of polystyrene microtitre plates was investigated with six different strains. Strains 1457 and RP62A are reference strains, whereas strains Se886, Se698, Se340 and Se527 are clinical isolates from infected patients. When DNase I (2 mg ml 21 ) was added to the medium prior to inoculation of the microtitre plates, biofilm formation of all six S. epidermidis strains was severely reduced (Fig. 1a) . When DNase I was added to established 6 h microtitre-plate-grown biofilms, the majority of the S. epidermidis biofilms were affected to some extent by the DNase I treatment, whereas the biofilm formed by strain Se886 appeared not to be affected by the DNase I treatment (Fig. 1a) . Established 12 h microtitre-plate-grown biofilms of all the S. epidermidis strains appeared resistant to DNase I treatment (Fig. 1a) . The presence of RNase (DNase-free, 2 mg ml 21 ) or heat-inactivated DNase I (2 mg ml 21 ) did not inhibit biofilm formation (Fig. 1a) , indicating that inhibition of biofilm formation by DNase I was not due to a non-specific protein effect. A titration experiment showed that the lower limit for inhibition of biofilm formation by DNase I in the microtitre plate assay was 0.1 mg DNase I ml 21 (Fig. 1b) . The addition of DNase I to growing cultures had no observable effect on the growth rate for any of the S. epidermidis strains (data not shown).
Effects of DNase I on initial attachment of S. epidermidis S. epidermidis biofilm formation is a two-step process consisting of initial cell attachment and an accumulative phase (Mack, 1999; Gotz, 2002) . We performed a microscopic examination of the effect of DNase I on attachment of S. epidermidis in a static chamber setup. After 30 min incubation under static conditions without DNase I, numerous S. epidermidis 1457 cells had attached to the chamber surface (Fig. 2a) . However, in chambers supplemented with DNase I, attachment of S. epidermidis 1457 to the surface was significantly reduced (Fig. 2b) , indicating that extracellular DNA plays a role in the initial bacterial attachment. Heat-inactivated DNase I was found not to prevent S. epidermidis cell attachment (data not shown). Similar results were obtained for S. epidermidis strains RP62A, Se886, Se698, Se340 and Se527 (data not shown).
Comparative PCR amplification from chromosomal and extracellular S. epidermidis DNA In order to investigate the nature of the S. epidermidis extracellular DNA, we purified extracellular DNA and chromosomal DNA from late-exponential-phase cultures of S. epidermidis, and performed comparative PCR. The genes yycF, trpS, srrA, sigB and isaA, which are located in different regions of the S. epidermidis RP62A chromosome (GenBank accession no. CP000029; Gill et al., 2005) , could all be amplified by PCR with both chromosomal and extracellular DNA as template (Fig. 3) , indicating that the extracellular DNA is similar to chromosomal DNA.
Role of AtlE in DNA release and biofilm formation of S. epidermidis Heilmann et al. (1997) have reported that atlE, encoding a major autolysin, is necessary for primary attachment and biofilm development of S. epidermidis in the wells of microtitre trays. It was shown that the AtlE protein is located at the cell surface of S. epidermidis, but the use of antibodies failed to provide conclusive evidence that the AtlE protein is directly involved in mediating primary attachment. It is therefore possible that AtlE plays an Cultures were grown in TSB medium for 24 h at 37 6C without DNase I, with DNase I (2 mg ml "1 ) added initially and after 6 and 12 h, with RNase (2 mg ml 3 . PCR of purified S. epidermidis chromosomal DNA (C) or extracellular DNA (E) with primers targeting the yycF, trpS, srrA, sigB and isaA genes. After PCR, the amplification products were electrophoresed on an agarose gel.
indirect role in S. epidermidis biofilm formation by promoting the release of extracellular DNA. In order to investigate the role of AtlE in DNA release and biofilm formation, we constructed an S. epidermidis 1457 atlE mutant (DatlE). The mutation was confirmed by Southern blotting and direct sequencing (data not shown). The amounts of extracellular DNA in cultures of the DatlE and parental strains were measured by PI staining in microtitre plates, as described previously by Allesen-Holm et al. (2006) . Compared with the level in cultures of the 1457 wild-type strain, the amount of extracellular DNA in cultures of the DatlE strain was dramatically decreased (Fig. 4a) . In addition, the DatlE strain was deficient in biofilm formation in the microtitre plates (Fig. 4a) . A complemented strain, DatlE(pRC21), was capable of releasing extracellular DNA and forming biofilm at levels similar to that of the wild-type strain (Fig. 4a) , whereas the vector control strain DatlE(pRB473) released extracellular DNA and formed biofilm at levels similar to that of the DatlE mutant (Fig. 4a) . The DatlE mutant grew at almost the same growth rate as its parental strain (Fig. 4b) , indicating that the differences in extracellular DNA release and biofilm formation could not be attributed to differences in growth rate.
Occurrence of extracellular DNA in S. epidermidis biofilms
In a previous study we used DDAO to stain extracellular DNA in P. aeruginosa biofilms, because of its excellent fluorescent properties and high sensitivity (Allesen-Holm et al., 2006) . Here, we used DDAO to stain extracellular DNA, and SYTO 9 to stain bacterial cells in S. epidermidis biofilms grown under static or hydrodynamic conditions. The spatial distribution of cells and extracellular DNA in the stained biofilms was visualized by confocal laser scanning microscopy (CLSM).
DDAO staining and subsequent CLSM indicated that extracellular DNA surrounded the wild-type adhering cells in the initial phase of biofilm development in the static chambers (Fig. 5a ). However, extracellular DNA was not detected on the surface of the few adhering cells of the DatlE strain (Fig. 5c) . After 24 h in the static chamber, the 1457 wild-type had formed small microcolonies which contained large amounts of extracellular DNA (Fig. 5b) , whereas the DatlE strain had formed scattered small clumps with low amounts of extracellular DNA (Fig. 5d) . The DatlE(pRC21) strain formed microcolonies containing large amounts of extracellular DNA similar to wild-type microcolonies (Fig. 5e, f) . Two-day-old flow-chamber-grown 1457 wild-type biofilms had a mean thickness of~40 mm and contained large amounts of extracellular DNA (Fig. 6a, b) . Two-day-old flow-chamber-grown DatlE biofilms contained scattered small microcolonies with a mean thickness of ,10 mm, and only low amounts of extracellular DNA (Fig. 6c, d ). The DatlE(pRC21) strain formed biofilms with extracellular DNA similar to that of wild-type biofilms (Fig. 6e, f) .
Occurrence of dead cells in S. epidermidis biofilms
In addition to extracellular DNA, DDAO staining will also stain dead cells. It is therefore likely that part of the observed DDAO staining is due to the presence of dead cells in the biofilms. In order to investigate whether dead cells were present in the S. epidermidis biofilms we employed PI staining. Although PI can be used to map the location of extracellular DNA in biofilms if the sensitivity of the CLSM microscope is set to a very high level (Allesen-Holm et al., 2006) , PI will visualize dead cells (which are permeable and have a very high DNA concentration) when normal settings of the microscope are , and relative amounts of biofilm (grey bars), in microtitre plate cultures of S. epidermidis 1457 wild-type, atlE, atlE(pRC21) and atlE(pRB473). The cultures were grown for 24 h in minimal medium supplemented with 0.05 mM PI, whereupon PI absorbance (A 480 ) and cell density (OD 600 ) were measured. The biofilm biomass was quantified using a crystal violet assay. The values are means of eight replicates, and the error bars indicate SD. (b) Growth curves of the S. epidermidis 1457 wild-type and atlE mutant cultivated in TSB batch cultures.
used (Haagensen et al., 2007) . With appropriate settings of the CLSM microscope, the Live_Dead reagents (SYTO 9 and PI) will therefore stain live cells green and dead cells red.
Live_Dead staining indicated that virtually all of the attached cells [1457 wild-type, DatlE strain and DatlE(pRC21) strain] in newly inoculated flow chambers were alive (data not shown). Live_Dead staining in twoday-old flow-chamber-grown S. epidermidis biofilms suggested that the microcolonies formed by the wild-type contained dead cells in the centre (Fig. 7a) , whereas the small cell aggregates formed by the DatlE strain contained almost no dead cells (Fig. 7b) ; the microcolonies formed by the DatlE(pRC21) strain contained dead cells in the centre similar to the wild-type microcolonies (Fig. 7c) .
Autolysis of S. epidermidis 1457 wild-type and DatlE mutant cells
Because our experiments indicated that the presence of extracellular DNA in S. epidermidis cultures and biofilms is mainly due to AtlE-mediated cell lysis, we compared autolysis of the S. epidermidis 1457 wild-type and DatlE strains. As demonstrated in Fig. 8 , the DatlE cells exhibited a much lower rate of autolysis than those of the parental strain, confirming that AtlE has autolytic activity in our S. epidermidis strain.
DISCUSSION
In the present study we provide evidence that extracellular DNA is a major component contributing to initial attachment of S. epidermidis to both plastic and glass surfaces. DNase I treatment prevented attachment and biofilm formation of S. epidermidis, whereas RNase treatment and the presence of heat-inactivated DNase I had no effect. Extracellular DNA was found to be abundant in S. epidermidis biofilms under both static and hydrodynamic conditions. Because extracellular DNA can function as a cell-to-cell connector (Whitchurch et al. 2002; Nemoto et al., 2003; Petersen et al., 2004 Petersen et al., , 2005 , it is likely that extracellular DNA also has a role in the accumulative phase of S. epidermidis biofilm formation. In support of this hypothesis, about half of the biofilm biomass was dispersed when DNase I was added to six-hour-old S. epidermidis biofilms (except for one out of the six strains tested). However, DNase I treatment could not disperse more mature biofilms of S. epidermidis, indicating that extracellular DNA may be most critical as a matrix component in the initial phase of S. epidermidis biofilm formation. The possibility that proteases or macromolecules which may interfere with DNase I activity are present in mature S. epidermidis biofilms has not been investigated. Preliminary experiments indicated that addition of exogenous DNA to microtitre-plate cultures did not stimulate biofilm formation (data not shown), indicating that the DNA has to be released directly from the cells in order to stimulate biofilm formation. However, further investigations are needed before firm conclusions can be drawn on this issue.
Comparative PCR analysis suggested that the extracellular DNA present in S. epidermidis cultures is similar to genomic DNA, which is in accordance with the hypothesis that it originates from lysis of a small subpopulation of the S. epidermidis bacteria. DNA release from S. epidermidis appears to be mainly mediated by the autolysin protein AtlE, since inactivation of atlE reduced DNA release by more than 90 %. Because AtlE has autolytic activity, it is likely that AtlE activity results in lysis of a small fraction of the bacteria, resulting in the production of extracellular DNA which promotes surface attachment of the remaining population. AtlE-mediated cell lysis may also occur in established biofilms, as extracellular DNA was found in biofilms of the S. epidermidis wild-type but not in microcolonies of the atlE mutant. Similar mechanisms for extracellular DNA production have been reported for Streptococcus pneumoniae, Acinetobacter calcoacaticus and P. aeruginosa (Steinmoen et al., 2002; Palmen & Hellingwerf, 1995; Allesen-Holm et al., 2006) .
The dead cells observed in the centre of wild-type microcolonies in flow-chamber-grown S. epidermidis biofilms may be connected to AtlE-mediated cell lysis if the kinetics of the process are such that the intermediary dead cells are present for some time before they lyse. This would be in accordance with the fact that virtually no dead cells were observed in biofilms formed by the atlE mutant. However, the fact that no dead cells were detected in the initial phase of biofilm development of the wild-type indicates that AtlE-mediated lysis is a fast process, where intermediary dead cells are present only for a very short time. It is possible therefore that AtlE-mediated DNA release occurs in S. epidermidis biofilms without the presence of detectable amounts of dead cells. Although the dead cells in the centre of the microcolonies in S. epidermidis wild-type biofilms are anticipated to eventually lyse and contribute to the pool of extracellular DNA in the biofilm, the process may not be connected to AtlE activity. The finding that the wild-type biofilms contained more dead cells than the AtlE biofilms could be related to the differences in microcolony size, which may in turn result in different nutritional conditions and different concentrations of waste products.
There may be factors other than AtlE involved in DNA release from S. epidermidis. Recently, another autolysin protein was identified in S. epidermidis, Aae, which has bacteriolytic activity and adhesive properties, although its role in DNA release remains to be investigated (Heilmann et al., 2003) . More recently, Resch et al. (2005) have reported the presence of phage activities in both planktonic and biofilm cells of Staphylococcus aureus, and phages were present over a much longer period in biofilm cultures than in planktonic supernatants. It is reasonable to believe that phage release resulting in cell lysis may occur during biofilm formation of S. epidermidis as well. We have found a locus in the genome of S. epidermidis which is homologous to the comE locus (comEA, comEB and comEC) reported to be associated with genetic transformation and DNA release in Bacillus subtilis (Inamine & Dubnau, 1995) . However, further investigation is needed to elucidate the role of this locus in S. epidermidis.
Biofilm formation and extracellular DNA release have been reported to be regulated by quorum sensing in P. aeruginosa (Davies et al., 1998; Allesen-Holm et al., 2006) . In S. epidermidis it has been reported that the expression of AtlE and biofilm formation are increased in an agr quorumsensing mutant (Vuong et al., 2003) , implying that AtlEmediated DNA release may be regulated by the agr quorum-sensing system. Although quorum sensing may be a common denominator in the regulation of DNA release in biofilms of P. aeruginosa and S. epidermidis, the available evidence suggests that it has opposite effects in the two organisms. Extracellular DNA has now been shown to play a role in biofilm formation for representatives of the genera Pseudomonas (Whitchurch et al., 2002; Nemoto et al., 2003) , Streptococcus (Petersen et al., 2004 (Petersen et al., , 2005 and Staphylococcus (this study). Because virtually all bacterial populations generate extracellular DNA (e.g. Lorenz et al., 1991) , and because most bacterial species bind to DNA (e.g. 
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